Single-photon avalanche diodes ͑SPADs͒ provide photons' time of arrival for various applications. In recent years, attempts have been made to miniaturize SPADs in order to facilitate large-array integration and in order to reduce the dead time of the device. We investigate the benefits and drawbacks of device miniaturization by characterizing a new fast SPAD in a commercial 0.18 m complementary metal oxide semiconductor technology. The device employs a novel and efficient guard ring, resulting in a high fill factor. Thanks to its small size, the dead time is only 5 ns, resulting in the fastest reported SPAD to date. However, the short dead time is accompanied by a high after-pulsing rate, which we show to be a limiting parameter for SPAD miniaturization. We describe a new and compact active-recharge scheme which improves signal-to-noise tenfold compared with the passive configuration, using a fraction of the area of state-of-the-art active-recharge circuits, and without increasing the dead time. The performance of compact SPADs stands to benefit such applications as high-resolution fluorescence-lifetime imaging, active-illumination three-dimensional imagers, and quantum key distribution systems.
I. INTRODUCTION
Single-photon avalanche diodes ͑SPADs͒ have been used in diverse applications, including quantum key distribution, 1 three-dimensional ͑3D͒ facial mapping, 2 and fluorescencelifetime imaging.
3, 4 Many of these applications require a fast operation of the detector in order to increase data throughput or to reduce image acquisition times.
In fluorescent lifetime imaging ͑FLIM͒ the per-pixel temporal evolution of photon fluxes emitted from numerous fluorophores is recorded. The interexposure interval determines the total image acquisition time ͑usually a few seconds per acquisition 4 ͒, thus limiting the ability to study dynamic samples. This interval also limits the fastest processes which can be observed using this technique. In certain lightimaging detection and ranging ͑LADAR͒ 5 and 3D imagers, 2 a short laser pulse illuminates a target. The times of arrival of reflected photons are used to create a three-dimensional image of the object, with a resolution determined by the timing precision of the device. Often, this precision is insufficient and multiple exposures are required for time averaging. Thus, the overall image acquisition time is limited by the interexposure interval of the detector. Finally, in quantum key distribution, silicon SPADs have been employed as part of an upconversion detection system from 1550 nm to visible wavelengths. In such systems, the device interexposure interval has been shown to be the limiting factor for key generation rates.
1
Silicon Geiger-mode SPADs ͑GM-SPADs͒ have been employed for these applications due to their high detection efficiencies, small size, and robustness. GM-SPADs operate by absorbing a photon in or near the depletion layer formed by a p-n junction, which is biased above its breakdown voltage. When a free charge enters the high-field region of the diode, either after photogeneration ͑photon absorption͒ or as a result of other events ͑noise͒, it may induce an avalanche which can be detected electronically. 6 The avalanche must be quickly quenched and the junction recharged in order for the device to detect subsequent photons. During the recharge phase ͑Fig. 1͒, the voltage across the p-n junction varies, starting below the breakdown voltage, and eventually reaching the final overbias beyond breakdown. As long as the junction is biased below breakdown, impinging photons cannot induce an avalanche, resulting in a "dead" time. While it is being recharged beyond its breakdown voltage, a photon may trigger an avalanche, but the avalanche initiation probability varies over time and is lower than the final value. The duration of the recharge process is set by the RC time constant of the junction and any parasitics it sees. This recharge process sets the minimum delay between counts. In order to ensure a uniform avalanche and to protect adjacent pixels or circuits, specialized guard rings have been employed. These are typically formed by a low-doped implantation around the central junction, such that the electrical field at the junction's curved edges is diffused. 7 While effective at containing the electric field, diffused rings are inefficient in area and result in low fill factors when used with small active-area devices.
2
Due to the special requirements of the guard rings and in order to achieve acceptable photon-counting performance, SPADs have traditionally been fabricated using custom processes. 5, 8 These processes were designed either to maximize detection efficiencies ͑e.g., by using low p-doped regions to form n--p--p structures with a wide absorption region 5 ͒ or to decrease the device timing jitter ͑e.g., by forming dual epitaxial layer structures in order to limit the delayed charge diffusion to the avalanche region 8 ͒. The use of custom processes is undesirable for several reasons: it requires the quenching, recharging, and processing to be performed off chip ͓e.g., on a second, complementary metal oxide semiconductor ͑CMOS͒ chip 9,10 ͔, thereby loading additional capacitance on the junction and increasing the dead time; it makes the manufacturing of large SPAD arrays unrealistic due to the higher defect densities in small-volume process lines; and it is prone to die-to-die performance variations due to less effective process control compared with commercial technologies. Due to the high speed of the required timing and processing circuitry, and to the large amount of information which must be processed in real time, it would be advantageous to manufacture SPADs in a commercial deep-submicron CMOS process.
In its simplest implementation, a SPAD pixel is comprised of the diode and a series resistor, which is used for quenching the avalanche and recharging the junction capacitance ͑passive scheme͒. With such schemes, dead times on the order of 500 ns are observed, limiting photon count rates. 6 In order to increase the count rates, special analog circuits have been utilized in active schemes, 11, 12 achieving dead times down to 10 ns, albeit with extremely low fill factors and with large total pixel areas. Actively recharged SPADs are not amenable to large-array integration and are rather aimed at applications requiring a relatively small number of detectors. A need exists for small-area, fast singlephoton detectors with high fill factors in order to obtain highresolution imaging, with shorter acquisition times, and in order to observe faster biological phenomena than current technologies allow.
In this paper, we describe a small and fast SPAD, which can be used to greatly improve the performance of applications such as those described above. The device's small size and high speed result in excess noise. We show that this noise originates from the release of trapped charges ͑after-pulsing͒ and describes a compact digital circuit which we integrated on the same die as the detector and which makes it possible to operate the detector at improved signal-to-noise ratios, compared with the standard passive-recharge operation. We conclude with a summary of the performance tradeoffs of miniaturized SPADs and an analysis of the applications which stand to benefit from their performance.
II. FAST PASSIVELY RECHARGED SINGLE-PHOTON AVALANCHE DIODE
In order to achieve fast and reliable device operation, an efficient guard ring must be employed to contain the avalanche and protect the surrounding circuitry. We recently reported such a guard ring structure comprised of a SiO 2 shallow-trench-isolation ͑STI͒ ring, which we implemented in a commercial 0.18 m non-high-voltage CMOS technology. 13 STI is a standard process module in deepsubmicron technologies, traditionally used to isolate neighboring transistors. More importantly, the trench is formed before the source/drain implantation, thereby inhibiting lateral diffusion of the dopants. The result is a planar p-n junction with a uniform breakdown, surrounded by a silicondioxide-filled trench whose breakdown field is 30 times that of silicon. With the new guard ring, we achieved high fill factors of 25% and higher, compared with less than 2% for a non-STI guard ring.
2 Moreover, because legacy diffused-ring structures are replaced by a silicon dioxide trench, junction capacitance decreases.
We observed the output of a passively quenched test device on a Tektronix TDS3032 real-time oscilloscope and measured a 5 ns dead time, approximately ten times shorter than the state of the art.
2 However, the dark count rate was unacceptably high, on the order of 1 MHz, compared with reported values of 100 Hz for similar-sized SPADs with a diffused guard ring, manufactured in older high-voltage processes.
2
Of the three dominant noise sources in SPAD devices, which include thermally generated carriers, trap-assisted tunneling and after-pulsing, only the latter is correlated to a primary avalanche. In order to investigate the source of the device noise, we recorded times of arrival of dark pulses using a LABVIEW program and calculated their autocorrelation. The results ͑Fig. 2͒ show a clear correlation between counts, with an initial exponential drop, which reduces to a slow decrease, ending in a fast drop off, indicating an afterpulsing process with positive feedback. After-pulsing probability was previously shown to decrease exponentially with time, at a rate corresponding to the
lifetimes of the traps. 7 Its amplitude is linearly proportional to the total charge flowing during an avalanche, and therefore to the product of the junction's capacitance and its overbias. As junction dimensions shrink, capacitance decreases, thereby reducing the total avalanche charge. However, because there is a concurrent reduction in dead time, the net effect is an increase in after-pulsing. The high after-pulsing rate in the compact SPAD therefore demonstrates a fundamental limit on the miniaturization of passively recharged SPADs.
III. INTEGRATED ACTIVELY RECHARGED SPAD
In order to alleviate the excessive after-pulsing, we designed an integrated active-recharge circuit on the same die as the SPAD. Whereas previous active recharging implementations either accelerated device recharge by reducing the device dead time 11 or released trapped carriers by postponing the recharge by hundreds of nanoseconds, 6 our self-timed scheme maintains the same short dead time as the passive device, while aiming to significantly decrease device noise ͑Fig. 1͒.
The circuit schematic is shown in Fig. 3͑a͒ . The quenching and recharging resistor, commonly found in passive pixels, is replaced by two transistors. A p-channel metal oxide semiconductor ͑PMOS͒ quenching transistor, M1, with a high "on" resistance, R quench = 1.2 M⍀ ensures fast avalanche quenching with minimal leakage current during nonquenching times. A second transistor, M2, with R recharge =24 k⍀ is connected such that it is only on during the recharge phase, ensuring an ultrafast recharge.
At the beginning of a sensing phase, M1 is in the linear region ͑quench# is low͒ and M2 is cut off ͑recharge# is high͒. When a photon arrives and an avalanche builds up, the junction capacitance is quickly discharged, and the avalanche is quenched due to an IR drop across M1. As the n-well voltage drops, M1 moves to saturation and is quickly cut off by the sensing inverter, Inv1 ͑quench# goes low͒. This reduces the leakage current through it and in essence freezes the voltage across the junction so that traps can be emptied without inducing an avalanche. After a longer delay, which is set by Buf3 ͑specifically, by the number of inverters in its chain͒, M2 is switched to its saturation region through M3 ͑recharge# goes low͒, and the diode quickly recharges through the small recharging resistance. At this instance, the junction is biased beyond breakdown but the small resistance does not allow adequate quenching. Therefore, when recharging is almost complete, M2 moves to the linear region and the quenching transistor M1 is turned on ͑quench# low͒ and the small resistance is disconnected. This is achieved by Buf2 and Inv2, which turn M3 on, resulting in the cutoff of M2. Importantly, Inv1 and Bufគout are sized such that the slew rate of the avalanche leading edge ͑n-well node͒ is maintained, thereby optimizing the time precision of the output pulse.
Circuit operation was simulated using CADENCE simulation tools. The diode element was modeled using Haitz's electrical model, consisting of the junction capacitance which is periodically discharged through the junction and contact resistances.
14 Simulation results, shown in Fig. 3͑b͒ , show that following an avalanche, the n-well voltage initially stabilizes to 300 mV, such that the device is biased below breakdown. At this phase, any released charges would not trigger an after-pulse. After approximately 5 ns, the junction is quickly recharged. The output signal is a square wave which can be fed to standard measurement equipment.
The actively recharged pixel was manufactured on the same die as the passively recharged device described above. Despite the benefits of using a commercial deepsubmicron process, as discussed above, the lateral feature miniaturization is usually accompanied by shallower, highly doped junctions, resulting in spectral responses skewed toward shorter wavelengths. Furthermore, processes must be carefully selected to avoid tunneling as a source of dark counts. 
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The pixel, shown in Fig. 4 , occupies a 44ϫ 44 m 2 area, enabling array packing 13 times more densely than the state of the art ͑Table I͒. The reduction in area is partly due to the smaller process geometry used, but mainly to the simpler digital self-timed implementation. The actively recharged SPAD was characterized using a Becker-Hickl MSA1000 counter with 1 ns resolution. The actively recharged device exhibits a significantly lower dark count rate compared with the passively recharged one, while maintaining a 5 ns dead time. An autocorrelation investigation of the dark counts ͑Fig. 2͒ reveals a vastly different correlation relationship than the passive scheme. The active-recharge circuit reduces the after-pulsing rate close to the noncorrelated noise level without exhibiting the after-pulsing tail. This uniform noise density allows for device operation at higher exposure rates.
Finally, we measured the effect of the new activerecharge scheme on the sensitivity of the SPAD, using an attenuated Hg arc lamp, a Digikrom 240 monochromator with a 600 grooves/ mm diffraction grating, and the MSA1000 counter. Photon flux was maintained constant for each wavelength by monitoring the beam power through a calibrated beam splitter and attenuating the beam accordingly. Because an increase in overbias increases both the detection efficiency and the dark current, a signal-to-noise trade-off exists between these two parameters. The new circuit enables a tenfold improvement in detection efficiency for a given dark count budget over the passive-recharging scheme ͑Fig. 5͒. Table I compares the performance of the actively recharged SPAD described here with previous devices, which were either manufactured using a proprietary process ͑hybrid integration with quenching and recharging functions͒ or were manufactured using older high-voltage CMOS technologies. As can be seen, the main benefits of the miniaturized device are its short dead time and small size, while its drawbacks are a relatively low quantum efficiency ͑QE͒ and high dark count rate ͑DCR͒, even with active recharge. The high DCR may be explained by increased tunneling due to the narrow depletion region of the process used. Time-gated operation can reduce the effects of this noise to negligible levels, without impacting detection efficiencies. 15 Moreover, the benefits of high speed and density offer important advantages in several applications. In sum-frequency-generation upconversion, 1 where a nonlinear crystal produces the upconversion and detection is performed by a coupled silicon SPAD, the noise level is dominated by the upconversion process and is approximately 100 kHz, so the noise contribution of the new device will be minor, while data throughput will increase significantly compared with slower silicon SPADs. Similarly, in FLIM, time gating can eliminate the noise while acquisition times are reduced by an order of magnitude.
IV. DISCUSSION
In this paper we studied some of the trade-offs of SPAD miniaturization. We demonstrated the fastest single-photon avalanche diode to date, using a novel silicon dioxide guard ring, resulting in a 5 ns dead time, and consequently in potentially significant acquisition time reductions and data rate increases. A novel, self-timed, compact active-recharge circuit improved the signal-to-noise ratio up to tenfold with a 100-fold smaller area compared with the state of the art. We showed that, while advanced process technologies enable faster and miniaturized devices and peripheral circuitry, these benefits come at the expense of lower detection efficiencies and higher noise. Several applications stand to benefit from the faster operation, while being marginally affected by the higher device noise. Noise performance can be further improved by time-gated operation or by further delaying the recharging of the device. 
